Tsukamurella hongkongensis sp. nov. and Tsukamurella sinensis sp. nov., isolated from patients with keratitis, catheter-related bacteraemia and conjunctivitis
corneal scraping and blood culture of three patients in Hong Kong with conjunctivitis, keratitis and catheter-related bacteraemia, respectively. Cells were Gram-stain-positive, aerobic, catalase-positive, non-sporulating and non-motile bacilli. The three strains had unique biochemical profiles that were distinguishable from those of closely related species of the genus Tsukamurella. Fatty acids, mycolic acids, cell-wall sugars and peptidoglycan analyses showed that they were typical of members of Tsukamurella. 16S rRNA gene sequence analysis revealed 100 % sequence identity between HKU52
T and HKU53, and the two strains shared 99. The genus Tsukamurella was proposed by Collins et al. (1988) using 16S rRNA gene sequence analysis, although the first strain of this group of bacteria was isolated in 1941 from the mycetomes and ovaries of bed bugs (Cimex lectularius), when the bacterium was named Corynebacterium paurometabolum (Steinhaus, 1941) . Members of Tsukamurella are Gram-positive, aerobic, catalase-positive, oxidase-negative and partially acid-fast, similar to related genera of the order Actinomycetales, such as Mycobacterium, Corynebacterium, Nocardia and Rhodococcus. At the time of writing, the genus comprises 11 recognized species, of which only five are known to cause human infections (Tsukamura & Mizuno, 1971; Yassin et al., 1995 Yassin et al., , 1996 Yassin et al., , 1997 Kattar et al., 2001) . The first human isolate of this genus was reported in 1971, from the sputum of a patient with pulmonary infection (Tsukamura & Mizuno, 1971) . Other common tsukamurella infections in human are indwelling device-related infections, peritonitis associated with continuous ambulatory peritoneal dialysis, and knee prosthesis infection (Larkin et al., 1999; Shaer & Gadegbeku, 2001; Schwartz et al., 2002; Almehmi et al., 2004; Bouza et al., 2009; Liu et al., 2011) . Tsukamurellae were also recovered from patients with respiratory tract infections, necrotic lung tumours, brain abscess, meningitis and subcutaneous abscess (Alcaide et al., 2004; Perez et al., 2008; Sheng et al., 2009; Savini et al., 2012) . Furthermore, we have reported the association of members of the genus Tsukamurella with ophthalmological infections (Woo et al., 2003a (Woo et al., , 2009 ). More recently, we also reported a member of the genus Tsukamurella as a cause of a pseudo-outbreak .
In the present study, we report the isolation of three strains of Tsukamurella-like bacteria from three patients and elucidation of their taxonomic positions by using a polyphasic approach. The first patient was a 60-year-old, previously healthy man with conjunctivitis. The bacterial strain HKU51 T was isolated from a conjunctival swab of the patient's right eye. The second patient was a 25-year-old, previously healthy man with keratitis. The bacterial strain HKU52
T was isolated from a corneal scraping of the patient's left eye. The third patient was a 35-year-old man with catheter-related bacteraemia. The bacterial strain HKU53 was isolated from blood culture. All three patients recovered after antibiotic treatment. 16S rRNA gene sequence analysis revealed that strains HKU51 T , HKU52
T and HKU53 possessed 96.1-99.6 % sequence identity to other members of the genus Tsukamurella. They had unique biochemical profiles that were distinguishable from those of other currently recognized species of the Tsukamurella. Detailed characterizations of the three isolates were performed, including morphological, physiological, chemotaxonomic and DNA G+C content analyses. DNA-DNA hybridization confirmed that these three isolates represent two novel species, for which the names Tsukamurella hongkongensis sp. nov. and Tsukamurella sinensis sp. nov. are proposed.
Strains HKU51 T , HKU52
T and HKU53 were isolated and grown on Columbia agar (Oxoid) with 5 % defibrinated sheep blood (QuadFive) under aerobic conditions. All reference strains included in this study were type strains: The three new isolates were characterized phenotypically in detail. They were Gram-stained and examined for the presence of catalase and cytochrome oxidase activities. Cell morphology was observed by light microscopy. Scanning electron microscopy was performed as described in our previous publications (Woo et al., 2002 (Woo et al., , 2003b (Woo et al., , 2005 .
The three isolates and the reference strains were streaked on Columbia agar with 5 % defibrinated sheep blood and on brain heart infusion agar, nutrient agar, trypticase soy agar, chocolate agar and MacConkey agar (all from Oxoid) and incubated at 37 8C under aerobic conditions to test for growth. Growth responses to 0, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 % (w/v) NaCl and 10, 37 and 42 8C were examined by spreading bacterial cells on Columbia agar with 5 % defibrinated sheep blood agar followed by incubation under aerobic conditions for up to 7 days. Reference strains were used as controls. Hydrolysis of tyrosine and xanthine was tested as described previously (Smibert & Krieg, 1994) . Biochemical data were obtained using the API 20C AUX and API 50 CH systems (bioMérieux) according to the manufacturer's instructions. Reading intervals and durations of the tests followed the protocol suggested by Kattar et al. (2001) .
Cellular fatty acid and mycolic acid analyses were performed by MIDI Inc. Cellular fatty acids were extracted from lyophilized cells (approx. 30 mg original wet weight) grown on Columbia agar with 5 % defibrinated sheep blood at 25 8C for 2 days and analysed by gas chromatography as described by Sasser (1990) and peak naming was done with MIDI, Inc. Sherlock Rapid libraries and methods. Mycolic acids were extracted from cells grown on Columbia agar with 5 % defibrinated sheep blood at 37 8C for 2 days and analysed by liquid chromatography according to instructions of the Microbial Identification System (MIDI, Inc.). Cell-wall sugars and peptidoglycan analyses were performed by TLC using cells grown on brain heart infusion agar at 37 8C for 2 days and analysed according to the methods of Staneck & Roberts (1974) and Rhuland et al. (1955) , respectively, by the Leibniz Institute DSMZ.
The DNA G+C content was determined in triplicate by the thermal denaturation method (Marmur & Doty, 1962 ) with the slight modifications described in our previous publications (Woo et al., 2005; Lau et al., 2013) .
16S rRNA gene sequencing was performed according to our previous publications (Woo et al., 2003c; Lau et al., 2007 Lau et al., , 2013 , with slight modifications, where the end regions of the gene were amplified and sequenced using the primers LPW27807 (59-TGGCTCAGGACGAACGCT-39) and LPW27808 (59-GAGGTGATCCAGCCGCA-39), which were designed by selecting conserved regions of the 16S rRNA gene from the DNA sequences of members of the genus Tsukamurella. Multiple alignment of the sequences of PCR products and closely related species in GenBank was performed using BioEdit 7.1.9 (Hall, 1999) . Tests for substitution model and phylogenetic tree reconstruction by the neighbour-joining method (Saitou & Nei, 1987) and maximum-likelihood method (Felsenstein, 1981) were performed using MEGA 5.0.4 (Tamura et al., 2011) .
DNA-DNA hybridization studies for strains HKU51
T , HKU52
T and HKU53 and all reference strains were performed using the dot-blot method with reagents including ULTRAhyb ultrasensitive hybridization buffer (Ambion), DIG-High Prime DNA labelling (Roche Diagnostics), DIG wash and block buffers, anti-DIG-AP and CDP-Star (Roche Diagnostics) as described previously (Woo et al., 2014) . DNA-DNA hybridization was performed at 42 8C in triplicate for each of the probes used. To determine the relative levels of DNA-DNA relatedness, the developed X-ray films were scanned and dot intensities were quantified by using ImageJ software version 1.46r (Abramoff et al., 2004) . Values obtained were compared with selfhybridization values, which were considered to represent 100 % of the maximal achievable signal (see Table 3 ).
Strains HKU51
T , HKU52 T and HKU53 were aerobic, nonsporulating, Gram-stain-positive bacilli (Fig. S1a, c , e, available in the online Supplementary Material). They were non-motile and produced catalase but not cytochrome oxidase. They grew well on Columbia agar with 5 % defibrinated sheep blood as white (strain HKU51 T ) or orange to red (strains HKU52
T and HKU53), dry and rough colonies, 2 mm in diameter, with irregular spreading margins after 48 h of incubation at 37 8C in an aerobic environment (Fig. S1b, d, f) . Strain HKU51 T showed growth in the presence of 0-4 % (w/v) NaCl, while strains HKU52
T and HKU53 could tolerate up to 5 % (w/v) NaCl. Among the three new isolates, only HKU52
T and HKU53 grew at 42 8C and none of them grew at 10 8C. None of them could hydrolyse xanthine or tyrosine. The biochemical and physiological characteristics of strains HKU51
T and HKU53 and of the type strains of the genetically closest species (based on 16S rRNA gene sequence analysis) are summarized in Table 1 and in the species descriptions. Phylogenetically, strain HKU51
T was most closely related to T. pulmonis; however, it could be distinguished from T. pulmonis by its inability to assimilate glycerol, D-arabinose, L-arabinose, D-xylose, D-galactose, D-mannitol, D-sorbitol, aesculin ferric citrate, L-fucose and D-arabitol. Strains HKU52
T and HKU53 were most closely related to T. sunchonensis and T. pseudospumae, but they were differed in phenotypic characteristics including growth at 42 8C, hydrolysis of tyrosine and assimilation of xylitol, L-fucose, D-maltose and D-melezitose (Table 1) .
Scanning electron micrographs showed that strains HKU51 T ( Fig. 1) , HKU52
T and HKU53 (Fig. S2) were non-flagellated, rod-shaped bacilli, consistent with the Gram smear appearance (Fig. S1 ). Similar to previous studies (Yassin et al., 1996 (Yassin et al., , 1997 , some cells with transverse septa were observed, giving asymmetrical daughter cells (Figs 1 and S2) . These daughter cells grew to maturity and finally separated by a fragmentation process (Figs 1 and S2 ).
The major fatty acids of strains HKU52
T and HKU53 were C 16 : 0 (21.5 % for HKU52 T and 23.7 % for HKU53), C 18 : 1 v9c (31.4 and 34.0 %), 10-methyl C 18 : 0 (13.3 and 12.2 %) and summed feature 1 (one or more of C 16 : 1 v6c, C 16 : 1 v7c and iso-C 15 : 0 2-OH; 15.2 and 12.6 %), and those of HKU51 T were C 16 : 0 (19.7 %), C 18 : 1 v9c (46.8 %) and summed feature 1 (one or more of C 16 : 1 v6c, C 16 : 1 v7c and iso-C 15 : 0 2-OH; 15.7 %). The fatty acid profiles of strains HKU51 T , HKU52
T and HKU53 were highly similar except that only HKU52
T and HKU53 contained 10-methyl C 18 : 0 (12.2 and 13.3 %, respectively) ( Table 2) T and HKU53 as well as those of the type strains of T. pulmonis, T. sunchonensis and T. pseudospumae are summarized in Table 2 . All of them contained longchain mycolic acids with 77-86 carbon atoms. They also contained galactose and arabinose as major cell-wall sugars and an A1c-type cell-wall peptidoglycan based on directly crosslinked meso-diaminopimelic acid. Thus, all three isolates are cell-wall chemotype IV organisms.
The DNA G+C content of strains HKU51 T , HKU52
T and HKU53 were determined to be 70.9¡2.2, 71.3¡2.1 and 71.2¡2.3 mol% (mean¡SD), respectively, which are similar to those of other members of the genus Tsukamurella (68.1-77.0 mol%) (Seong et al., 2003; Park et al., 2009) .
Comparative 16S rRNA gene sequence analysis was performed using BioEdit 7.1.9 and it revealed 100 % sequence identity between strains HKU52 T and HKU53, and the two strains were most closely related to T. sunchonensis JCM 15929 T and T. pseudospumae JCM 13375 T , sharing 99.5 % sequence identity; strain HKU51
T shared 99.6 % sequence identity with T. pulmonis CCUG 35732 T (Fig. 2) .
T , HKU52 T and HKU53 possessed ,70 % DNA-DNA relatedness (7.9¡5.1 to 50.1¡3.7 %) with the type strains of all other currently recognized species of Tsukamurella (Table 3) , supporting the conclusion that they should be assigned to novel species of the genus Tsukamurella. Among these three isolates, HKU52
T and HKU53 belong to the same species, as they possessed .70 % DNA-DNA relatedness (94.6¡5.6 %) (Table 3) . Therefore, we propose the inclusion of the three isolates in two novel species in the genus Tsukamurella, for which the name Tsukamurella hongkongensis sp. nov. is proposed to accommodate strains HKU52 T and HKU53, whilst Tsukamurella sinensis sp. nov. is proposed to accommodate strain HKU51
T . Further studies on their natural reservoirs, routes of transmission and clinical disease spectra are warranted.
Description of Tsukamurella sinensis sp. nov.
Tsukamurella sinensis (sin.en9sis N.L. fem. adj. sinensis of or pertaining to China, indicating the place where the bacterium was discovered).
Aerobic, Gram-stain-positive, non-motile and non-sporeforming. Positive for catalase but negative for cytochrome oxidase. Grows best on Columbia agar with 5 % defibrinated sheep blood agar as white, dry and rough colonies, 2 mm in diameter, with irregular spreading margins after 48 h of incubation at 37 uC under aerobic conditions. Growth occurs at 37 uC but not at 10 or 42 uC. Tolerates NaCl concentrations up to 4 % (w/v). Able to grow on brain heart infusion agar, nutrient agar, trypticase soy agar and chocolate agar but not on MacConkey agar. Negative for hydrolysis of xanthine and tyrosine. Assimilates 5-ketogluconate. The major fatty acids (w10 % of the total) are C 16 : 0 , C 18 : 1 v9c and summed feature 1 (one or more of C 16 : 1 v6c, C 16 : 1 v7c and iso-C 15 : 0 2-OH).
Contains mycolic acids with 77-86 carbon atoms. Major cell-wall sugars are galactose and arabinose. The cell-wall peptidoglycan contains meso-diaminopimelic acid as the diagnostic diamino acid (chemotype IV).
The type strain, HKU51 T (5JCM 30714
, was isolated from a conjunctival swab of a patient with conjunctivitis in Hong Kong. The DNA G+C content of the type strain is 70.9 + 2.2 mol% (mean + SD).
Description of Tsukamurella hongkongensis sp. nov.
Tsukamurella hongkongensis (hong.kong.en9sis. N.L. fem. adj. hongkongensis of or belonging to Hong Kong, the place where the type strain was isolated). Tsukamurella hongkongensis and T. sinensis spp. nov.
Aerobic, Gram-stain-positive, non-motile and non-sporeforming. Positive for catalase but negative for cytochrome oxidase. Grows best on Columbia agar with 5 % defibrinated sheep blood agar as orange to red, dry and rough colonies, 2 mm in diameter, with irregular spreading margins after 48 h of incubation at 37 uC under aerobic conditions. Growth occurs at 37 and 42 uC but not at 10 uC. Tolerates NaCl concentrations up to 5 % (w/v). Able to grow on brain heart infusion agar, nutrient agar, trypticase soy agar, The type strain, HKU52 T (5JCM 30715 T 5DSM 100208 T ), was isolated from a corneal scraping of a patient with keratitis in Hong Kong. The DNA G+C content of the type strain is 71.3+2.1 mol% (mean+SD). A reference strain, HKU53 (5JCM 307165DSM 100209), was isolated from a blood culture of a patient with catheter-related bacteraemia in Hong Kong. The DNA G+C content of strain HKU53 is 71.2 + 2.3 mol% (mean + SD).
